The widespread use of zircon in geochemical and geochronological studies of crustal 26 rocks is underpinned by an understanding of the processes that may modify its 27 composition. Deformation during tectonic and impact related strain is known to modify 28 zircon trace element compositions, but the mechanisms by which this occurs remain 29 unresolved. Here we combine electron backscatter diffraction, transmission Kikuchi 30 diffraction and atom probe microscopy to investigate trace element migration 31 associated with a ~20 nm wide, 2° low-angle subgrain boundary formed in zircon 32 during a single, high-strain rate, deformation associated with a bolide impact. The low-33 angle boundary shows elevated concentrations of both substitutional (Y) and interstitial 34 These data represent the direct nanoscale observation of geologically-instantaneous, 39 trace element migration associated with crystal plasticity of zircon and provide a 40 framework for further understanding mass transfer processes in zircon. 41
Introduction 42 43
Zircon (ZrSiO4) is a common accessory mineral that occurs in most crustal rocks. The 44 low diffusivity of most trace elements through the zircon lattice, inferred from trace 45 element zonation (Vavra, 1990; Hoskin, 2000) and diffusion experiments ( Dilles et al., 2015) . 58
59
The incorporation of trace amounts of uranium, and its subsequent radioactive decay to 60 lead, enables the U-Pb dating of zircon to place temporal constraints of numerous 61 crustal processes Corfu, 2013) . When combined with Lu-Hf and 62 oxygen isotopic data, zircon can be used to constrain crustal evolution over a range of 63 timescales (Hawkesworth and Kemp, 2006; Parman, 2015; Payne et al., 2016) . In 64 addition, the ability of zircon to withstand weathering, erosion, sedimentary transport 65 and diagenesis, make zircon a common target for sedimentary provenance analysis Page 8 EBSD and CL imaging of grain 86 was conducted on a Tescan MIRA3 Field Emission SEM 169 with Oxford Instruments AZtec EBSD system, housed in the Microscopy & Microanalysis 170 Facility (John de Laeter Centre) at Curtin University. CL imaging was undertaken using a 171
Tescan panchromatic CL detector with 185-850 nm spectral range at 10 kV accelerating 172 voltage and a working distance of 16mm. EBSD data were acquired using the automatic 173 mapping capability of Oxford Instruments AZtec 2.3 software. Match units used for 174 indexing were derived from published crystallographic data for zircon (Hazen and 175 Finger, 1979 ) and reidite (Farnan et al., 2003) . For grain 86, a 200 nm grid was used to 176 systematically collect ~530,000 electron backscatter patterns. The EBSD data were 177 post-processed using Oxford Instruments Channel 5.12 software to remove 'wildspikes' 178 and interpolate non-indexed points using a 6 or 7 nearest neighbour filter following 179 standard procedures for zircon EBSD analysis (Reddy et al., 2007) . The post-processed 180 data files were then used to generate EBSD maps. 181
182
Atom probe microscopy is a technique that allows the sub-nanometre scale, 3D imaging 183 of atoms across the whole periodic table (Kelly and Larson, 2012; Larson et al., 2013b) . 184
The technique involves time-controlled field evaporation of atoms by applying a high-185 voltage electric field to a needle-shaped sample whose tip is then heated by a pulsing UV 186 laser. Ideally, the instrument is set up such that a single atom is field evaporated every 187 ~100 laser pulses. On evaporation, the atom is immediately ionised and accelerated by 188 the field toward a position-sensitive detector. The x-y coordinates of the detector 189 impact, combined with the order in which the ions hit the detector, allows 190 reconstruction of the original position of the atoms in the sample (Gault et al., 2009; 191 Page 9 the atom species emitted from the tip. The charge of the emitted ion does not represent 194 the original charge of the species in the analysed sample, but is induced by the electric 195 field immediately after evaporation (Kingham, 1982) . This charge is therefore largely a 196 function of experimental run conditions and specimen morphology (Larson et al., 197 2013b) . In contrast to most zircon analytical approaches, atom probe microscopy does not use a 208 standard in the same manner as in ion-and electron-probe techniques. Ionisation yield 209 and detection efficientcy are constant for all elements (Kingham, 1982; Straub et al., 210 1999) . Furthermore, the APM technique does not lend itself to correction using 211 standards as the analysis conditions cannot be reliably replicated between the standard 212 and the specimen of interest. In general, the voltage applied to the specimen, the heating 213 from the laser pulse and the shape of the specimen tip cannot be held constant between 214 two acquisitions, and it is not clear that a discrepancy in the result from the standard 215 analysis can be carried over and applied directly to the data of interest. However, past 216 experience with other materials, and more recent APM studies of zircon (Valley et with a step size of ~10 nm. TKD data acquired using the EDAX system were exported as 234
.ang files and post-processed using Oxford Instruments Channel 5.12 software. 235
236
Atom probe results were acquired using the CAMECA LEAP 5000 XR in laser pulsing 237 mode with initial and final voltages of 3.2 kV and 4.6 kV respectively. Data acquisition 238 utilised a 355 nm laser with pulse energy of ~250 pJ, focussed to a spot-size less than 239 0.5 µm at the specimen apex, and operating at a frequency ~180 kHz. The specimens 240
were kept at a temperature of 30 K to inhibit thermally induced ion migration on the tipPage 11 surface during field ionisation, and the ion detection rate was set to 0.01 ions per pulse 242 (Larson et al., 2013b) . 
Results

Page 12
Cathodoluminescence imaging of grain 86 shows a complicated microstructure 266 comprising a dark CL-poor core surrounded by intermediate region and a bright CL rim 267 (Fig. 2a) . A band contrast map of the zircon grain, which reflects the quality of EBSD 268 patterns in different parts of the grain, shows additional complexity in the dark CL core. 269
A series of ~2 µm wide, parallel lamellae, seen in both CL and band contrast maps, cut 270 across the brighter CL zones, but do not penetrate into the dark CL core. These bands 271 are shown by the EBSD data to be reidite, the high-pressure ZrSiO4 polymorph (Fig. 2c) . 272
This reidite, the focus of a previous study (Reddy et al., 2015) , along with the host 273 zircon, record variations in lattice orientation expressed by the presence of discrete low-274 angle orientation boundaries that each accommodate 0.5-2° of misorientation and 275 together accommodate a total of ~16° lattice variation across the whole grain (Fig. 2c) . 276
The distribution of low-angle boundaries in the zircon is complicated but broadly 277 follows the spatial distribution of the reidite (Fig. 2c,d ). One of these low-angle 278 boundaries is captured in the atom probe specimen (Fig. 3) . This boundary coincides 279 with a ~2° change in orientation recorded by the TKD data (blue-green contact in Fig. 3) . 280
In addition, the TKD data indicate that the atom probe specimen comprises only zircon, 281 with no evidence for reidite along the identified orientation boundary (Fig. 3) . 282
283
Atom probe analysis of the zircon specimen shows a complex mass spectrum, which 284 reflects the evaporation of single ions and molecular species at the +1 to +4 charge 285 states (Fig. 4) . Most peaks represent the major elements found in zircon with only a few 286 trace element peaks being detected. The chemical sensitivity of the atom probe is often 287 around 10 ppma, but the exact detection limit depends on the location and number of 288 the expected peaks. Many of the REEs are likely to appear in the mass spectrum as Page 13 doubly or triply charged ions, as well as possibly doubly and triply charged oxides. This 290 means that REE peaks may be divided between a large number of mass peaks within the 291 spectrum, significantly diluting the signal strength at any specific m/z value. Minimising 292 this dilution effect, by optimising atom probe acquisition parameters for specific trace 293 elements, is an area of future research. 294
295
Reconstruction of the data reveals a ~20 nm wide zone of trace element enrichment 296 associated with the orientation boundary (Fig. 5) . The zone shows increased 297 concentrations in Y (0.735 at.%), Al (0.543 at.%), Be (0.055 at.%) and Mg (0.029 at.%) 298 associated with a decrease in Zr (Table 1) . These trace element concentrations 299 represent significant increases from those measured in the host zircon (Fig. 5) . 300
Proximity histograms for the upper and lower boundaries of the enriched zone show 301 that trace element concentrations are not constant across the low-angle boundary, with 302
Y showing narrow maxima ~3 nm just inside both of the two boundary interfaces, and 303
Al, Be and Mg exhibiting broader maxima around 4-5 nm inside the interfaces (Fig. 6) . 304
The concentration of Mg also shows a slight maximum outside the lower interface; a 305 feature that is missing from the upper interface (Fig 5, 6) . 306
307
Rare earth element, actinide and Pb distributions within the sample are below the 308 detection sensitivity (50-100 ppma, 50 ppma, and 50 ppma respectively) -as 309 determined by the background noise local to these positions within the mass spectrum 310 (Figure 4) . Similarly, there is no observable phosphorus peak (~100 ppma detection 311 sensitivity) in the atom probe mass spectrum. This absence of P limits the extent of 312 xenotime (YPO4) substitution in the zircon lattice. The detection limits are relatively 313 high due to the tails on the mass peaks between 14 and ~100 Da. These elevate the local Page 14 background noise by up to 10 times its intrinsic value, and make the detection of trace 315 elements in this part of the spectrum more difficult. Several factors may influence the 316 shape of the mass peaks and their tails (Larson et al., 2013b) , but the most likely cause 317 in this case is poor thermal conductivity in the atom probe specimen, leading to an 318 extended period of ion evaporation whilst the tip is cooling after the laser pulse. 319 320 4. Discussion 321
Zircon Microstructure 322 323
Cathodoluminescence data from a zircon grain from the Stac Fada impactite shows the 324 presence of three CL-distinct zones (Fig. 2a) 
Trace Element Compositions in the Zircon Host 378
In undeformed zircon the substitution of trivalent REEs and Y 3+ for Zr 4+ requires 379 additional trace element substitutions to maintain charge balance and several different 380 mechanisms have been postulated (Cherniak, 2010) . In this study, P is below 381 background noise levels, the ratio of Y to P is therefore high, and there is a spatial 382 correlation between Y and the interstitial elements Al, Mg and Be both in the host zircon 383 and the low-angle boundary. These three interstitial elements are not commonly 384 analysed in zircon. However, when such analyses are undertaken then these elements 385 have been reported to be incorporated into zircon at trace levels during growth (Speer, with the general observation that increasing lattice misorientations, and therefore 405 increasing dislocation density, are associated with increasing trace element segregation 406 in metals and alloys (Watanabe, 1985) . 407
408
The short-range segregation of solute atoms at interfaces is well established in the 409 materials science literature and is recognised as a complex process that is controlled by 410 a range of extrinsic (pressure, temperature) and intrinsic (elastic and electrostatic 411 interactions between solute and host atoms) variables (Sutton and Balluffi, 2006) . close to the interfaces of the low-angle boundary (Fig. 6) . 431
432
Hybrid Monte Carlo -molecular dynamic simulations of Y-stabilised zirconia (ZrO2) 433 predict the migration of oxygen vacancies into lattice orientation boundaries, due to 434 lower vacancy energies at these microstructural locations, rather than being driven by 435 elastic strain associated with ion size differences (Lee et al., 2013) . In ZrO2, it is 436 energetically favourable for these oxygen vacancies to be associated with yttrium ions 437 Table 1 . Compositional data from host zircon matrix and low-angle boundary region 576 derived from the atom probe data. Concentrations are in at.%. 
